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ABSTRACT
Aims. We investigate whether the high energy tail detected by the Fermi/LAT for the short GRB 081024B can be caused by syn-
chrotron and self-Compton emission in the context of either the internal or external shock models.
Methods. For the internal shock scenario, we explore the possibility of generating the high energy photons directly by means of the
synchrotron process, or inverse Compton emission in which target photons are synchrotron photons produced in internal shocks taking
place in a lately emitted shell (delayed internal shocks). In the external shock scenario, we test whether the high energy tail can be
an extension of the afterglow synchrotron emission, or alternatively the inverse Compton component associated with the afterglow
synchrotron photons.
Results. For the internal shock scenario, we conclude that only an inverse Compton component from delayed internal shocks can
explain the high energy tail that extends to the GeV range. In the external shock scenario, we show that the high energy tail may be
interpreted as synchrotron afterglow emission, if the slow cooling phase starts as early as a few seconds after the trigger. On the other
hand, the observed high energy tail is consistent with an inverse Compton component of the afterglow in the fast cooling regime.
Key words. gamma-rays burst: individual: GRB 081024B – X-rays: individuals: GRB 081024B – X-rays: bursts –
radiation mechanisms: non-thermal
1. Introduction
The detection by the AGILE and Fermi satellites of substan-
tial high energy emission from short gamma-ray bursts (GRBs,
Abdo et al. 2010, 2009b; Giuliani et al. 2010), has challenged
our understanding of this type of bursts as a high energy source.
These results are surprising because our expectations before
the launch of Fermi, were that high energy emission was more
likely detectable from long GRBs (see e.g. Abdo et al. 2009a),
which have a higher equivalent isotropic energy and interstellar
medium (ISM) number density (Nakar 2007). However, Fermi
observations of GRB 081024B show a longer-lasting (∼3 s) tail
with a few photons in the GeV range following the main event
(Omodei 2008; Abdo et al. 2010). Motivated by this result, we
analyze the conditions under which Fermi observations can be
explained by the most popular theoretical models.
In the internal-external shock scenario of the fireball model
(see e.g. Mészáros & Rees 1992; Sari et al. 1998), GRB prompt
and afterglow emissions are understood to be produced by par-
ticles accelerated via shocks into an ultra-relativistic outflow
(fireball) released during the burst explosion. While the prompt
emission is related to shocks developing into the ejecta (inter-
nal shocks, IS), the afterglow arises from the forward external
shock (ES) propagating into the ISM.
Synchrotron emission by the accelerated electrons is typ-
ically invoked as the main radiation mechanism. However,
 Current address: LIGO laboratory, California Institute of
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inverse Compton emission (IC) may also play an important role.
Some synchrotron photons can Compton-scatter from the shock-
accelerated electrons, producing an additional IC component at
higher energies. This mechanism is also called synchrotron self-
Compton (SSC) as the electrons responsible for the synchrotron
emission are also responsible for the IC radiation. The ratio of
IC-to-synchrotron luminosities is proportional to the square root
of the ratio of the electron (e) to magnetic (B) energy densities
behind the shock front. When this ratio is significantly above
unity, the electron cooling rate via IC emission cannot be ne-
glected.
The IC emission from IS has been considered in various con-
texts (e.g. Papathanassiou & Mészáros 1996; Pilla & Loeb 1998;
Ghisellini et al. 2000; Panaitescu & Mészáros 2000; Dai & Lu
2002; Guetta & Granot 2003; Baring & Braby 2004; Pe’er &
Waxman 2004; Asano & Inoue 2007; Fan & Piran 2008; Galli &
Guetta 2008; Li 2010; Yu & Dai 2009; Toma et al. 2010). Here
we focus on the model presented by Guetta & Granot (2003)
where high-energy emission from IS during the prompt GRB
is computed, for both the synchrotron and IC components, as
a function of two free parameters: the Lorentz factor Γ and the
variability time tv of the central engine that emits the outflow. We
note however that the IS emission for GRBs has been the subject
of extensive amount of literature (e.g. Rees & Meszaros 1994;
Sari & Piran 1997; Daigne & Mochkovitch 1998; Pilla & Loeb
1998; Panaitescu et al. 1999; Beloborodov 2000; Spada et al.
2000; Ramirez-Ruiz & Fenimore 2000), to which the reader is
referred. IC emission from the ES (see e.g. Sari & Esin 2001;
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Zhang & Mészáros 2001, and references therein) has been in-
voked to explain GRB X-ray afterglows displaying properties
difficult to reconcile with the simplest synchrotron-only after-
glow scenario (e.g. Wei & Lu 1998, 2000; Harrison et al. 2001;
Corsi et al. 2005; Corsi & Piro 2006; Chandra et al. 2008), or
in the context of higher energy emission from GRBs, in view of
EGRET and Fermi/LAT capabilities and results (see e.g. Pe’er
& Waxman 2005; Wang et al. 2006; Gou & Mészáros 2007; Galli
& Piro 2007; You et al. 2007; Fan et al. 2008; Fan & Piran 2008;
Galli & Piro 2008; Wang et al. 2009; Fan 2009).
The detection of GRB high-energy (MeV to GeV) emission
by AGILE and Fermi/LAT may be particularly relevant to prob-
ing the mechanisms active during the prompt-to-afterglow tran-
sition phase, when IC emission from both the IS and ES may
be invoked, and observations are needed to help discriminate be-
tween different models. In this context, we consider the case of
the short GRB 081024B, for which a high energy emission tail
was detected by the Fermi/LAT after the prompt phase. Zou et al.
(2009) concluded that both the IS and ES scenarios may produce
emission peaking at GeV energies, in agreement with the obser-
vations for this burst. In this paper, we extend the analysis of
Zou et al. (2009), by taking into account GRB 081024B data
published by Abdo et al. (2010). In the IS scenario, we consider
the possibility that the ∼GeV emission from GRB 081024B is
due to synchrotron or IC emission from a lately emitted shell.
The observations are used to derive constraints on the IS model
parameters. For the ES scenario, we investigate whether the high
energy tail is a simple extension to high energies of the afterglow
synchrotron emission, or the SSC component associated with
the afterglow synchrotron photons. The model is constrained by
considering not only the IC peak energy, which was considered
by Zou et al. (2009), but also its luminosity, thus providing a
more stringent estimate of its compatibility with the observa-
tions. Both the late IS and ES scenarios can naturally account
for a delay between the GRB trigger time and the longer-lasting
high energy tail. This is remarkable given that a delay has in-
deed been observed in some other cases (see e.g. Abdo et al.
2009a,b).
2. Observations
At 21:22:40.86 UT on 24 October 2008, the Fermi Gamma-ray
Burst Monitor (GBM) triggered on GRB 081024B. The light
curve of the burst was characterized by a narrow spike of about
0.1 s (hereafter interval a), followed by a longer pulse, of about
0.7 s (hereafter interval b, Abdo et al. 2010). There is no ev-
idence of emission after 0.8 s in GBM detectors covering the
8 keV–5 MeV energy range (Abdo et al. 2010). An event with
energy 3.1 ± 0.2 GeV was detected after 0.55 s, while a second
event of 1.7 ± 0.1 GeV was detected after 2.18 s (Abdo et al.
2010). A time-resolved spectral analysis was performed in inter-
vals a, b, and one third interval (hereafter interval c) in-between
0.8 s and 2.9 s after the trigger. The best-fit spectra were obtained
by simultaneously fitting the signal from the GBM detectors in
the energy range 8 keV–36 MeV, and the LAT detectors (select-
ing transient events above 100 MeV; Abdo et al. 2010).
In interval a, the best fit to the GBM data is obtained using
a power law with a low energy spectral index of α = −1.03+0.23−0.19
and exponential cutoff around Epeak ∼ 2.7 MeV (see the upper
panel of Fig. 3 in Abdo et al. 2010, or the continuous line in
our Fig. 1), though its value is only marginally constrained. The
fluence in the 100 MeV–10 GeV energy range was estimated to
be <4×10−10 erg/cm2, while the fluence measured in the 20 keV–
2 MeV range was (1.7 ± 0.3) × 10−7 erg/cm2.
Fig. 1. Best fit to the spectra of GRB 081024B during intervals a (con-
tinuous line – COMPT model), b (dashed line – Band model), and c
(dot-dashed line – power-law model) as reported in Table 2 and Fig. 3
of Abdo et al. (2010).
The emission during interval b was fit with a Band plus a
power-law model, or an exponential cut-off power-law plus a
power-law model. The first yielded best-fit parameter values of
α = −1.03+0.17−0.14, β = −2.1+0.11−0.14, and Epeak = 2.0+1.9−1.0 MeV (see
the second panel from top of Fig. 3 in Abdo et al. 2010, or the
dashed line in our Fig. 1). The second yielded best-fit values of
α = −0.7+0.4−0.3 and Epeak = 1.6+1.5−0.6 MeV for the cutoff power-law
component; and β = −1.68+0.10−0.06 for the power-law component(Abdo et al. 2010).
Finally, during interval c, the emission is more accurately
represented by a simple power-law, with a best-fit photon index
of β = −1.6+0.4−0.1 (see the lowest panel of Fig. 3 in Abdo et al.
2010, or the dot-dashed line in our Fig. 1). The fluence measured
in the 20 keV to 2 MeV energy range during this interval was
(4.3±3.2)×10−8 erg/cm2, with most of the energy being emitted
in the 100 MeV–10 GeV range, for a measured fluence of (4.0±
2.4) × 10−7 erg/cm2 (Abdo et al. 2010).
GRB081024B also triggered the Suzaku Wide-band All-sky
Monitor (WAM, 50 keV–5 MeV) at T0 = 21:22:40.526 UT
(Hanabata et al. 2008). The light curve showed a double-
peaked structure with a T90 duration of ∼0.4 s. The fluence in
100–1000 keV range was (2.7+0.7−1.0) × 10−7 erg cm−2. The peak
flux within 0.5 s was 1.1+0.3−0.5 photons cm
−2 s−1 in the same en-
ergy range. Preliminary results showed that at least 2 MeV pho-
tons were detected, and the time-averaged spectrum from T0 to
T0 + 0.5 s was well fitted by a single power law, with a photon
index of −1.24+0.25−0.19 (Hanabata et al. 2008).
Swift XRT began observing the field of the Fermi-LAT
around 70.3 ks after the trigger (Guidorzi et al. 2008a). Thanks
to a series of follow-up observations (Guidorzi et al. 2008b,c), it
was possible to establish that none of the three sources could be
the GRB X-ray counterpart because they were not fading.
3. The first 3 s of emission within the IS model
The observed dichotomy in the spectral behavior of
GRB 081024B during the first 3 s of emission, suggests
that the properties of the central engine are evolving between
interval a and c. During interval c, the observation of ∼2 GeV
photons implies an optically thin source in the GeV range,
while during interval a the absence of emission above ∼10 MeV
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and the unusually steep high energy photon index, suggest that
the source is optically thick to pair production. Hereafter, we
analyze in more detail this scenario, noting however that other
explanations may also be invoked. For instance, an alternative
possibility is that there is no emission at all in the GeV range:
this would be the case if interval a is dominated by emission
from a photosphere, rather than from an absorbed synchrotron
spectrum. We refer the reader interested in this alternative
explanation to papers such as e.g. Ioka (2010), Mizuta et al.
(2010), Pe’er & Ryde (2010), Toma et al. (2010), and references
therein.
In the IS model (e.g. Guetta & Granot 2003), the cen-
tral engine is supposed to emit a flow with Lorentz factor Γ,
which is assumed to vary on a typical timescale tv (correspond-
ing to an observed temporal variability of δtobs = (1 + z)tv),
with an amplitude δΓ ∼ Γ. The shells collide at a radius
R ≈ 2Γ2ctv = 6 × 1013Γ22.5tv,−2 cm, where Γ2.5 = Γ/102.5 and
tv,−2 = tv/(10−2 s). The internal energy released in each col-
lision is distributed among electrons, magnetic field, and pro-
tons with fractions e, B, and (1 − e), respectively. The elec-
trons are accelerated in the shocks to a power-law distribution
of energy N(γ) ∝ γ−p, and radiatively cool by the combination
of synchrotron and SSC processes, the timescales of which are
tsyn ∼ 6πmec/σT B2γ and tSSC = tsyn/Y, the combined cooling
time being tc = (1/tsyn + 1/tSSC)−1 = tsyn/(1 + Y), where B is
the magnetic field, and Y is the Compton y-parameter (Sari et al.
1996), Y ≈ e/B for e  B and Y ≈ (e/B)1/2 for e  B.
3.1. Interval a: IS synchrotron emission
from a compact source
We now hypothesize that the lack of emission outside the GBM
energy band (i.e. E  30 MeV) observed during interval a is
due to the optical thickness for pair production. We assume that
the unabsorbed spectrum is a Band spectrum, of a low energy
spectral slope of α ∼ −1.03 and peak energy Epeak = 2.7 MeV
as observed, but with a high-energy spectral slope of β = −2.5
(as typically observed for GRB prompt spectra, see e.g. Kaneko
et al. 2006). We note that a Band fit to the data during this inter-
val poorly constrains β to be less than ∼−1.7. The τγγ for pair
production is expressed as follows (see e.g. Svensson 1987;
Lithwick & Sari 2001):
τγγ(E) ∼ 0.1σTNγ>Ean (E)4πR2 , (1)
where σT is the Thompson cross-section, R is the compactness
of the source, and N>Ean (E) is the number of target photons, i.e.
the number of photons with energy above Ean, where
Ean(E) = (Γmec
2)2
E(1 + z)2 =
2.6 × 105Γ2
(E/keV)(1 + z)2 keV (2)
accounts for a photon of energy E in the observer frame being
attenuated by pair production by an interaction with softer pho-
tons, whose energy (also in the observer frame) is equal to or
greater than Ean(E). For a power-law spectrum of the form
N(E) = C(E/100 keV)β ph
cm2 s keV
, (3)
one has
Nγ>Ean (E) =
C4π(dL/cm)2(δtobs/s)(Ean(E)/keV)1+β
−(1 + β)(100)β(1 + z)2 (4)
(where we are supposing β < −1).
We define Emax as the energy for which τγγ(Emax) = 1. Using
R = 2cΓ2δtobs/(1 + z) = 6 × 1010Γ2 [δtobs/((1 + z)s)] cm, and
substituting Eqs. (2) and (4) into Eq. (1) we have
Γ∼
[
1.8 × 10−47 C(dL/cm)2(2.6 × 105)1+β
(1 + z)(2+2β)(100)β(δtobs/s)(−1 − β)(Emax/keV)(1+β)
]1/(2−2β)
·(5)
No afterglow emission was detected for GRB 081024B, so the
burst redshift is unknown. Hereafter we assume z = 0.1 as a
reference value for short GRBs, i.e. dL = 1.4 × 1027 cm for the
luminosity distance. The Band spectrum is given by (Band et al.
1993):
N(E) = A
( E
100 keV
)α
e−E(2+α)/Epeak
ph
cm2s keV
(6)
for E <
(α − β)Epeak
(2 + α) ,
N(E) = A
( (α − β)Epeak
e(2 + α)100 keV
)α−β ( E
100 keV
)β ph
cm2s keV
= CBand
( E
100 keV
)β ph
cm2 s keV
for E >
(α − β)Epeak
(2 + α) · (7)
We note that these equations are obtained from Eq. (1) of
Band et al. (1993) by using Epeak = (2 + α)E0 (see e.g.
Piran 1999). We note also that the multiplicative factor eβ−α
in Eq. (1) of Band et al. (1993) is included in the first factor
in parenthesis of the above equation. We can thus approximate
the high energy portion of the unabsorbed Band spectrum as
(Band et al. 1993)
N(E) = 0.3 (E/100 keV)−2.5 ph
cm2 s keV
(8)
for E > (−1.03 + 2.5)(2 − 1.03) × 2.7 MeV
where the normalization constant C = CBand ∼ 0.3 is derived by
assuming that the νFν flux at 100 keV is ∼10−7 erg/cm2/s (see
the top panel of Fig. 3 in Abdo et al. 2010, or the continuous line
in our Fig. 1), i.e. from Eq. (7)
(100 keV)2A ph
cm2 s keV
∼ 10−7 erg
cm2 s
⇒ A ∼ (160.2)−1 (9)
and then assuming that the spectrum has a Band shape with
Epeak ∼ 2.7 MeV, α = −1.03 (as the observed values), and
β = −2.5 (for consistency with the BATSE catalog, as already
noticed, Kaneko et al. 2006), i.e. from Eq. (7)
CBand =
( (α − β)Epeak
e(2 + α)100 keV
)α−β
A ∼ 0.3. (10)
Substituting this into Eq. (5), we thus obtain
Emax  30 MeV, (11)
Γa ∼ 60(δtobs/10 ms)−1/7(Emax/30 MeV)3/14· (12)
The above equation estimates the Lorentz factor required to keep
the shell optically thick to pair production above a few tens of
MeVs, as observed during interval a. Detailed modeling of the
spectrum expected in the IS scenario for a high compactness
shell, is beyond the scope of this paper. As we have seen, op-
tical thickness to pair production affects the observed spectrum
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at high energies, but when this happens the consequent scatter-
ing of photons from the created pairs, and pair annihilation, also
need to be taken into account. For instance, when the optical
thickness for photon scattering on electrons is high, the spectrum
of the observed radiation is modified by the standard assump-
tions of thin synchrotron and IC emission, and effects related
to the so-called electron photosphere need to be considered (see
e.g. Mészáros & Rees 2000). Re-heating of the electron pop-
ulation caused by synchrotron self-absorption (Ghisellini et al.
1988), is also a process that needs proper evaluation and can
modify the spectrum at low energies. Numerical simulations are
the most effective way to take into account all these processes
dynamically. Within the IS model, the results of detailed numer-
ical modeling by Pe’er & Waxman (2004) show that to ensure
that the synchrotron emission peaks in the MeV range, as for
GRB 081024B, the required values of the IS model parameters
likely imply a high compactness, which causes deviations from
the simple predictions of the thin case IS model (e.g. Guetta &
Granot 2003). For high compactness, Pe’er & Waxman (2004)
find that the spectra peak at ∼1 MeV, display a steep slope at
lower energies (with indices of 0.5  2 + α  1 in the νFν spec-
trum), and a sharp cutoff at ∼10 MeV. This is consistent with the
spectrum observed in slice a of GRB081024B, which we there-
fore attribute to IS emission modified by absorption associated
with a high compactness region (in agreement with our analyti-
cal estimate).
3.2. Interval b: from optically thick to optically thin
emission
During interval a, the source is likely to be optically thick,
whereas during interval c, photons with energies of a few GeVs
were observed by the Fermi/LAT (Abdo et al. 2010) thus requir-
ing the source to be optically thin in the GeV range. As dis-
cussed in the previous section for interval a, and because the
fundamental parameter determining the source compactness is
the Lorentz factor of the relativistic shell where the observed
radiation is produced, a scenario explaining the observations
could be the following. The central engine emits a first shell with
Lorentz factor Γa, responsible for the emission observed during
interval a, with Γa such that the source is optically thick above
∼30 MeV because of the small radius at which the first IS takes
place (see previous section). Later on, the central engine emits
a series of shells responsible for the other multiple peaks ob-
served during intervals b and c. These shells are characterized
by a Lorentz factor in-between Γa and Γc, where Γc > Γa is such
that the source is thin to GeV photons (as discussed in the next
section).
In the above scenario, spectra observed during interval b and
c should follow a progressive transition from an optically thick to
an optically thin spectrum in the GeV range. Since both of these
intervals contain multiple peaks of the corresponding light curve,
we expect that, especially during the transition phase b, the inte-
grated spectrum is a superimposition of spectra emitted by shells
with increasing Γ factors, progressively more transparent to GeV
photons. The best-fit spectrum obtained by Fermi during interval
b, does indeed show the contribution from a component peaking
around a few MeV (a Band or exponential cutoff component),
plus a second component with substantial emission in the GeV
range (power-law component). Thus, on general lines, the ob-
served spectral evolution is consistent with our hypothesis. This
picture also naturally explains the delayed onset of the GeV tail
observed by the LAT.
3.3. Interval c: high energy tail from late IS
3.3.1. Transparency to GeV photons
As emphasized before, the observation of GeV photons during
interval c requires the Lorentz factor of the late shell generating
such emission being sufficiently high for the source to be opti-
cally thin at that energies. We thus again use Eq. (5) assuming
that C = Cpow ∼ 10−4, where the νFν flux at ∼2 GeV is about
10−7 erg/cm2/s (lowest panel of Fig. 3 in Abdo et al. 2010, or
the dot-dashed line in our Fig. 1), and using a photon index of
β = −1.6 (as the observed one), i.e.
(2 GeV)2
(
2 GeV
100 keV
)−1.6
Cpow
ph
cm2 s keV
= 10−7 erg
cm2 s
· (13)
We also assume that Emax  1 GeV, and thus
Emax  2 GeV, (14)
Γc ∼ 70(δtobs/10 ms)−1/5.2(Emax/2 GeV)0.6/5.2, (15)
so that Γc  Γa. We note that Γc is not much higher than Γa
because, as can be see from Eq. (5), in interval c photons of
much higher energy are observed (i.e. 2 GeV  30 MeV), al-
though from interval a to c the emitted flux becomes much lower
(Cpow  CBand).
3.3.2. GeV emission: synchrotron or SSC?
In the (optically thin) IS model, the synchrotron peak energy is
given by (Guetta & Granot 2003)
Ep = hνm = 1.2 × 104
(
3p − 6
p − 1
)2
× 3/2e 1/2B L1/252 Γ−2(δtobs/10 ms)−1 MeV, (16)
where L52 is the source luminosity in units of 1052 erg (Guetta
& Granot 2003). We estimate this last parameter by considering
the 100 MeV–10 GeV fluence measured during interval c (and
its scatter caused by the measured errors, see Sect. 2), and taking
into account the observed duration of this interval
L = 4πd2L
∫ ∞
0
Fνdν 
4πd2L(1 + z) (2−7) × 10−7 erg cm−2
(2.9 s − 0.8 s)
∼ (3−9) × 1048 erg s−1. (17)
Using Eq. (15) into (16), and setting L52 ∼ 10−3, we derive
Ep  0.1
(
3p − 6
p − 1
)2
3/2e 
1/2
B (δtobs/10 ms)−0.8/1.3
× (Emax/2 GeV)−0.3/1.3 MeV. (18)
It is evident that even after setting e ∼ B ∼ 0.5, p ∼ 5, and
δtobs ∼ 1 ms, the requirement on the Lorentz factor in Eq. (15)
for the source to be optically thin implies that the peak of the
synchrotron emission by IS is at energies below ∼500 keV 
2 GeV. We thus conclude that synchrotron emission from late IS
cannot explain the high energy tail observed during interval c,
since the transparency condition in the GeV range implies val-
ues of the synchrotron peak energy much lower than ∼1 GeV, in
conflict with the observations.
Another mechanism that may be responsible for the ∼GeV
emission is SSC (see also Zou et al. 2009). The peak frequency
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Fig. 2. Synchrotron (blue dot-dashed line) and SSC (blue dashed line)
emission spectra from delayed IS for a burst with parameters L52 =
10−3, δtobs = 1 ms, e = 0.5, B = 0.01, p = 2.9, z = 0.1, Γ = 300. The
blue solid line is the sum of the synchrotron and SSC contributions. The
black solid and dot-dot-dot-dashed lines are the AGILE and Fermi/LAT
sensitivity for an integration time of 10 s, respectively (see Galli & Piro
2007). For this choice of parameters, one has a synchrotron peak around
10 keV and an SSC peak around ∼1 GeV. The green solid vertical line
indicates the flux level at 1 GeV, as reported by Abdo et al. (2010) for
interval c. See the electronic version of this paper for colors.
of the SSC component is given by (Guetta & Granot 2003)
ESCp = hνSCm = 4.6 × 109
(
3p − 6
p − 1
)4
7/2e 
1/2
B L
1/2
52 Γ
−2
× (δtobs/10 ms)−1 MeV. (19)
Setting L52 = 10−3, δtobs = 1 ms, e = 0.5, B = 0.01, p = 2.9,
z = 0.1, into Eq. (19), we obtain ESCp ∼ 1 GeV, for Γ = 300 (see
Fig. 2). For this solution, we note that a variability timescale
as short as 1 ms can indeed be present (Nakar 2007), and was
found in at least one short GRB, in which a very bright <1 ms
pulse was observed (Scargle et al. 1998). Moreover, we empha-
size that these values of the physical parameters are of course
not necessarily unique. However, our aim is to show that a pos-
sible solution does indeed exist for a reasonable set of param-
eters. To derive an order of magnitude estimate of the possible
scatter, for each of the parameters we estimated the range into
which, leaving the other parameters unchanged, one still obtains
ESCp  100 MeV, Emax  1 GeV, and a flux level at 1 GeV com-
patible with the LAT observations (green vertical line in Fig. 2).
In this way, we obtain p  2.7, 0.8 × 10−3  L52  2 × 10−3,
0.42  e  0.5 (where we set the upper limit to ensure that not
more than half of the internal energy goes into accelerating the
electrons), 2 × 10−3  B  0.1, 0.2 ms  δtobs  2 ms, and
140  Γ  430.
As can be seen in Fig. 2, in the late IS model the flux level of
the high energy tail is within the level measured by the LAT for
GRB 081024B during interval c (see Fig. 3 in Abdo et al. 2010,
or our Fig. 1). Moreover, the predicted νFν slope below 1 GeV is
1/2 (Guetta & Granot 2003), consistent with the observed value
of 2 +
(
−1.6+0.4−0.1
)
= 0.4+0.4−0.1 (see Sect. 2 and Abdo et al. 2010).
Thus, this model is a viable explanation of the LAT observations
of this burst.
We finally note that more complicated scenarios may be pos-
sible, involving a significant contribution at high energies from
Fig. 3. Synchrotron (dot-dashed line) and SSC (dashed line) spectra in
the ES scenario, for a burst with parameters p = 2.05, E52 = 0.35,
z = 0.1, n1 = 5, νm = 0.15 keV, Fsyn1 keV = 10 mJy, and ts = 2.5. The solid
line is the sum of the synchrotron and SSC contributions. For this choice
of parameters, one has an SSC peak around ∼1 GeV. The dot-dot-dot-
dashed line represents the Fermi/LAT sensitivity for an integration time
of 10 s (see Galli & Piro 2007). The green solid vertical line marks
the observed flux level at 1 GeV, as reported by Abdo et al. (2010) for
interval c. See the electronic version of this paper for colors.
both the synchrotron and SSC components. For instance, for val-
ues of p close to 2, synchrotron emission above the peak re-
sults in a flat spectrum, which could be modified by SSC to pro-
duce a spectrum similar to the one observed in the case of GRB
081024B. In this case, the GeV emission would not solely be re-
lated to SSC, but a significant contribution would come from the
synchrotron component as well.
4. High energy emission from the ES
The high energy tail observed in GRB 081024B (interval c) may
also be produced in an extended X-ray tail associated, in this
case, with synchrotron afterglow emission by the ES, or alterna-
tively to an afterglow SSC component. We now explore both of
these possibilities.
4.1. Synchrotron-only scenario
We consider the case in which the high energy tail observed
by the Fermi/LAT is the extension to high energies of the syn-
chrotron component generating the afterglow. In this scenario,
the afterglow synchrotron emission should match the spectrum
observed during interval c (see Sect. 2 and Abdo et al. 2010). To
this end, the spectrum should be sufficiently flat to account for
an observed photon index of β = −1.6+0.4−0.1, i.e. −0.6+0.4−0.1 in flux.
In the case of fast cooling, which is rather natural at such early
times, the predicted high energy spectral slope would be −p/2
(e.g. Sari et al. 1998), where p is the power-law index of the
electron energy distribution behind the shock front. For a typical
value of p  2, the slope of −p/2 would be steeper than ob-
served. On the other hand, in the case of slow cooling, the high
energy spectral slope could be −(p − 1)/2 ∼ −0.6 for p = 2.2
(e.g. Sari et al. 1998).
For p ∼ 2.2 and slow cooling, the temporal decay of the
X-ray light curve would have an index of −3/4(p − 1) ∼ −0.9
(Sari et al. 1998). In an exposure spanning from 70.3 ks to
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1.3 × 106 s after the burst, Swift/XRT observed the Fermi-
LAT error circle detecting three sources with average count
rates below ∼2 × 10−3 counts/s (Guidorzi et al. 2008d), which
we estimate to correspond to an average 0.3−10 keV flux of
∼8 × 10−14 erg cm−2 s−1. These sources were excluded as X-ray
counterparts of GRB 081024B, because they did not fade. We
can thus use their flux level as an upper limit to the after-
glow flux of GRB 081024B at late times. Using the value of
the flux observed at ∼2 GeV during interval c (taking a nom-
inal reference time of 2.5 s after trigger), in a synchrotron-
only scenario with p = 2.2 we expect a 5 keV flux (in
the middle of the 0.3−10 keV XRT band) at 1 day after the
burst of about (5 keV/2 GeV)(3−2.2)/2 × (86 400 s/2.5 s)−0.9 ×
10−7 erg cm−2 s−1 ∼ 5 × 10−14 erg cm−2 s−1  8 ×
10−14 erg cm−2 s−1. This conclusion is valid if the synchrotron
cooling frequency is above ∼2 GeV at ∼2.5 s, and above the
X-rays one day after the burst. He & Wang (2009) interpreted the
data of GRB 081024B in the slow cooling case as well. We thus
conclude that the Fermi/LAT observations may be explained as
synchrotron emission from an early FS afterglow, if the slow
cooling regime occurs as soon as ∼2 s after the trigger. We note
that a synchrotron ES scenario has also been proposed to explain
the high energy tail observed in GRB 090510 (e.g. De Pasquale
et al. 2010; Ghirlanda et al. 2010; Corsi et al. 2010).
4.2. Synchrotron plus SSC scenario
We can alternatively link the high energy tail associated with
GRB 081024B, to an ES SSC component entering into the
observed band (while the ES synchrotron emission is shifted
to lower energies and lower fluxes). In this case, if the SSC
peak were around 1 GeV, the predicted spectral index below
1 GeV would be in the range of [−1/2, 1/3] (e.g. Sari & Esin
2001), which should be compared with the observed value of
1 + β = −0.6+0.4−0.1 (Abdo et al. 2010). We now analyze this sce-
nario in more detail.
4.2.1. Synchrotron component
Following the prescriptions by Sari & Esin (2001), we can ex-
press the characteristic break frequencies and the peak flux of
the synchrotron component as
νm = 5× 1012 Hz (1+ z)1/2 f (p)f (2.2)
(
B
0.01
)1/2 ( e
0.5
)2
E1/252 t
−3/2
day (20)
where f (p) = ((p − 2)/(p − 1))2,
νc =
2.7 × 1015
(1 + z)1/2 Hz
(
B
0.01
)−3/2
E−1/252 n
−1
1 t
−1/2
day (1 + Y)−2, (21)
fm = 2.6 mJy (1 + z)
(
B
0.01
)1/2
E52 n1/21 d
−2
L,28. (22)
As in the previous sections, Y = LICLsyn , and in the fast cool-
ing regime Y ∼
√
e
B
(e.g. Sari & Esin 2001). In this
regime the energy spectrum νFν peaks at νm, thus Y ∼
(νICm f IC(νICm ))/(νm f (νm)), where
Lsyn = νm(νm/νc)−1/2 fm = 4.3 × 10−13 erg
cm2 s1
×
( f (p)
f (2.2)
)1/2
(1 + z)
(
e
0.5
)1/2 ( B
0.01
)1/2
E52t−1dayd
−2
L,28 (23)
and we have used Eqs. (20)–(21), and (1+Y)−2 ∼ Y−2 = B/e. If
the peak of the synchrotron component in the νFν space is below
1 keV, i.e. if νm < 1 keV, we can substitute Lsyn on the left hand
side of the above equation with the expression
Lsyn=Fsyn1 keV
(
erg
cm2 s Hz
)
(2.41 × 1017 Hz)p/2(νm(Hz))−p/2+1. (24)
In this way, from Eqs. (20) and (23), (24), we derive the expres-
sions for e and B of
B =
0.2
(1 + z)7/3
( f (p)
f (2.2)
)−2/3 (
νm
1 keV
)−4p/3+2
×
⎛⎜⎜⎜⎜⎝ F
syn
1 keV
10 mJy
⎞⎟⎟⎟⎟⎠
8/3 ⎛⎜⎜⎜⎜⎜⎝ t
5
s d16L,28
E752
⎞⎟⎟⎟⎟⎟⎠
1/3
, (25)
e = 0.01
( f (p)
f (2.2)
)−1/3 (
νm
1 keV
)p/3 ⎛⎜⎜⎜⎜⎝ F
syn
1 keV
10 mJy
⎞⎟⎟⎟⎟⎠
−2/3
×
⎛⎜⎜⎜⎜⎜⎝ (1 + z)E52tsd4L,28
⎞⎟⎟⎟⎟⎟⎠
1/3
. (26)
The above equations allow us to eliminate from the problem the
two unknown micro-physical parameters by expressing them as
a function of the synchrotron peak frequency νm and the ob-
served 1 keV flux. We estimate the typical X-ray luminosity
of a short GRB by considering the 0.3−10 keV fluxes at 100 s,
F0.3−10 keV, 100 s, reported in Table 2 of Nakar (2007), which are
in between 6 × 10−13 erg cm−2 s−1 and 1.2 × 10−8 erg cm−2 s−1,
with a mean value of <F0.3−10 keV, 100 s >
 2×10−9 erg cm−2 s−1.
For p = 2.05 (so as to favor the emission at high energies
by having a flat spectrum), we can thus estimate F1 keV, 2.5 s
by using a spectral slope of −p/2 ∼ −1 in the 0.3−10 keV
range (i.e. assuming that νm  0.3 keV), and a temporal de-
cay index of −3/4(p − 1) − 1/4 ∼ −1. Doing so, we find that
F1 keV, 2.5 s ∼ 10 mJy is a reasonable estimate. To constrain E52,
as done in Eq. (17), we estimate E52  Eγ,52 = 2 × 10−3 at
z = 0.1.
4.2.2. IC component
In the fast cooling regime, the IC energy emission peaks at
νICm = 2γ2mνm = 3.7 GeV
( f (p)
f (2.2)
)1/3 (
νm
1 keV
)2p/3+1
×
⎛⎜⎜⎜⎜⎝ F
syn
1 keV
10 mJy
⎞⎟⎟⎟⎟⎠
−4/3
E11/1252 n
−1/4
1 t
−1/12
s (1 + z)17/12d−8/3L,28 (27)
where we have used (Sari & Esin 2001):
γm = 930
( f (p)
f (2.2)
)1/2 (
e
0.5
) (E52
n1
)1/8 ( tday
1 + z
)−3/8
(28)
with Eqs. (25)–(26). Setting p = 2.05, E52 = 0.35, z = 0.1,
n1 = 5, νm = 0.15 keV, Fsyn1 keV = 10 mJy, and t = 2.5 s
in the above equation, we derive νICm ∼ 1 GeV (see Fig. 3).
We note that E52 = 0.35, compared to the value of Eγ,52 =
2 × 10−3 estimated from the prompt and high energy tail flu-
ence, implies that the conversion efficiency into γ-rays is ∼1%,
which is at the lower end of the typical range 0.01−1 found
for long GRBs and probably the same for short GRBs (see e.g.
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Nakar 2007; Zhang et al. 2007). The IC flux at the peak νICm is
given by
νICm f IC(νICm ) = YLsyn = 5.3 × 10−9
erg
cm2 s
( f (p)
f (2.2)
)1/6
×
(
νm
1 keV
)p/3 ⎛⎜⎜⎜⎜⎝ F
syn
1 keV
10 mJy
⎞⎟⎟⎟⎟⎠
−2/3
× (1 + z)4/3E4/352 t−2/3s d−10/3L,28 , (29)
where we have used Eqs. (23), (25)–(26). For the same set of pa-
rameters, we have νICm f IC(νICm ) ∼ 10−7 erg cm−2 s−1 (see Fig. 3),
which is comparable with the LAT sensitivity for 10 s integra-
tion time. We note that for a given value of νm, Fsyn1 keV, and z,
the above equation ensures that E52 is sufficiently high to have
the GeV tail detected by the Fermi/LAT. At the same time, it is
evident from Eq. (27) that a higher value of E52 tends to shift the
peak energy to higher values, so that to keep it around ∼1 GeV,
n cannot be too low. Our value of n = 5 cm−3 is in the range
that has been found to possibly characterize other short bursts
(see e.g. Panaitescu 2006), and roughly at the higher edge of the
0.01−1 cm−3 range expected for the ISM.
4.2.3. Consistency checks: micro-physics,
deceleration/cooling time, and Klein-Nishina limit
To determine whether the ES scenario proposed in this section is
a self-consistent explanation of the high energy tail observed in
GRB 081024B, we need to perform a series of checks to verify
that the hypotheses under which we operate are consistent with
our choice of parameters. First of all, the inferred values of e and
B should both be less than unity, and we should have e  B.
With our choice of parameters, we find that B = 5.2 × 10−3 and
e = 8.8 × 10−2, which are consistent with these conditions.
To have an ES, we need the deceleration phase to begin be-
fore or around the time at which the high energy tail is observed,
i.e., (Sari & Piran 1999)
tdec ∼ 3.2 s
(
E52
n1
)1/3 (
Γ0
350
)−8/3
(1 + z)  2.5 s, (30)
which for z = 0.1, E52 = 0.35, and n1 = 5 implies that Γ0  285,
which is a reasonable lower-limit to the initial fireball Lorentz
factor. We note that, although (as shown here) the minimum
mathematical condition for having a deceleration time as early as
few seconds does indeed hold, Swift seems to detect long GRBs
with complex early-time light curves, and clear evidence of a
self-similar motion on a timescale only of 1000 s or longer. Thus,
on the very short timescale considered here, more complex hy-
drodynamics (such as e.g. a reverse shock or energy injection)
may occur, producing a complex light curve. On the other hand,
we emphasize that a complex light curve behavior at early times
is not as evident for short GRBs, as it is for long ones observed
by Swift. Moreover, Fermi observations of short GRBs associ-
ated with high energy tails, as for GRB 090510 (Abdo et al.
2009b; Giuliani et al. 2010) indeed appear to detect a smooth
high energy light curve, with evidence for the fireball entering
in the self-similar phase as early as a few seconds after the burst
(Ghirlanda et al. 2010). We thus consider the scenario described
in this section to be a simple, but realistic and viable description
of the physical processes relevant to the short GRB 081024B.
We have also considered the hypothesis of the fast cooling
regime, which we need to verify is indeed the case, i.e. νc(2.5s) <
νm(2.5 s). Using Eq. (21) we find that νc(2.5s) ∼ 0.1 keV, so the
fast cooling hypothesis is applicable, and the fast-to-slow cool-
ing transition occurs at about 3.6 s after the burst.
Finally, we need to check that the Klein-Nishina effect does
not suppress the IC component. In the fast cooling regime, most
of the synchrotron energy is emitted around νm and most of the
SSC energy is emitted by electrons with γe ∼ γm that up-scatter
photons with ν ∼ νm. Therefore, the Klein-Nishina limit can be
neglected only if (see e.g. Rybicki & Lightman 1986)
νm  νKN(γm) = mec
2Γ
γm
· (31)
Since γm = (mp/me)( f (p))1/2eΓ (Sari et al. 1998), this condition
implies that
(
νm
1 keV
)
 3.3
(
e
0.5
)−1 ( f (p)
f (2.2)
)−1/2
· (32)
In our case we have νm = 0.15 keV at t = 2.5 s, while the right-
hand side of the above equation computed for e = 8.8 × 10−2
and p = 2.05 is equal to ∼66 keV. Thus, the above condition is
also verified.
5. Discussion and conclusion
We have investigated the origin of both the prompt emission and
high-energy tail associated with GRB 081024B, by exploring
four main scenarios:
1. synchrotron IS emission (first main peak, interval a);
2. (synchrotron or) SSC component associated with a delayed
X-ray emission produced by late IS (high-energy tail);
3. synchrotron component from the ES generating the after-
glow emission (high energy tail);
4. a SSC component from the ES generating the afterglow
emission (high-energy tail).
To derive the model parameters, we have considered the ob-
servational constraints provided by the analysis by Abdo et al.
(2010). By comparing with previous studies, we have confirmed
the results by Zou et al. (2009), which we have expanded in the
following way. While in Zou et al. (2009), the late IS SSC sce-
nario was restricted to noting that the SSC peak frequency can be
∼100 MeV for reasonable parameter values, here we have shown
that solutions can be found that also satisfy two additional con-
straints: (a) the source is optically thin around 1 GeV; (b) the flux
level at 1 GeV is compatible with that observed by Fermi LAT.
The discussion about the SSC from the ES scenario in Zou et al.
(2009) was also restricted to noting that the SSC peak frequency
may be in the GeV range for reasonable parameter values. Here
we have shown that a reasonable set of parameters can be found
that also implies a flux level at 1 GeV compatible with the one
observed by Fermi LAT. Moreover, we have considered two ad-
ditional scenarios (1. and 3.).
We have shown that scenarios 2. (SSC) and 4. are viable ex-
planations of the observed tail for a burst located at z ∼ 0.1.
To reproduce the high energy tail in a delayed IS scenario, the
lately emitted shells should have a time variability of about 1 ms
and a Lorentz factor of about Γ = 300. In the ES shock sce-
nario, the high energy tail can be explained by assuming a flat
spectrum, i.e. p = 2.05, and that the short GRB is powered by a
fireball with an isotropic energy of about 1051 erg, expanding in
an ISM with density n = 5 cm−3. These values of the parameters
are order-of-magnitude estimates due to the uncertainties in the
early-time afterglow flux, which was not observed for this burst.
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In particular, the fast cooling condition (tcool  2.5 s), which is
reasonable to expect at the early times we consider here, depends
linearly on the chosen value of n and almost linearly on the early-
time afterglow flux value. Equating Eq. (20) to (21), indeed one
finds that tcool ∝ nF2/31 keV, so that a value of n in the lower end
of the range of values expected for short GRBs would require a
higher value of F1 keV to ensure that tcool  2.5 s (see e.g. He &
Wang 2009, for an alternative interpretation in the case of slow
cooling). These estimates, however, are the most robust that can
be derived from the publicly available data. They are also suffi-
cient to show that a solution does indeed exist for a reasonable
set of parameters, which is the aim of this work. We emphasize
that scenarios 2, 3, and 4, which are related to the emission from
a lately emitted shell (2) or from the ES deceleration phase (3
and 4), all offer a natural explanation of the observed temporal
delay between the high energy tail and the main burst. Moreover,
scenario 2 (emission from a lately emitted shell) may be consis-
tent with the steeply declining emission from an extended X-ray
tail that has been observed in association with some short GRBs
before 100 s after the trigger time (see Fig. 7 in Nakar 2007),
rather than the “normal” decay typical of the afterglow emission
related to a decelerating ES.
Finally, we have also underlined that other explanations may
exist, e.g. where the initial lack of GeV photons is due to a fire-
ball dominated by emission from a photosphere, rather than from
an absorbed synchrotron spectrum (see e.g. Ioka 2010; Mizuta
et al. 2010; Pe’er & Ryde 2010; Toma et al. 2010, and references
therein).
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